This geographical study aimed to show natural or water-processing-related factors of faecal contamination incidents (FCIs) of drinking water in continental France. We defined a FCI as the occurrence of at least 20 colony-forming Escherichia coli or enterococci among all the 100 mL samples collected for regulatory purpose within one day from a given drinking water supply zone (SZ). We explored correlations between the standardized number of FCIs per dé partement (N_Pols) and various indicators related to weather, land cover, topography, geology and water management for three SZ size sub-classes. In 2003-2004, 2,739 FCIs occurred in SZs supplying fewer than 2,000 people, mainly with simply disinfected groundwater. N_Pols correlates with four covariates: (1) precipitation; (2) the extension of the karst outcrops; (3) the extent of disinfection; and (4) catchment protection. One hundred millimetres of yearly excess in precipitation increases the pollution risk by 28-37%, depending on the sub-class. A 10% extension of the karst areas, a 10% increase of unprotected resources, or of SZs with no disinfection, could entail a higher risk of FCI by about 10%. The correlations are reproducible over the three sub-classes and corroborate expert appraisals. These results encourage the ongoing effort to generalize disinfection and catchment protection. Several epidemiological studies have shown a link between the presence of faecal indicators in drinking water and the incidence rate of acute gastroenteritis (AGE) (Zmirou et al. 1987 (Zmirou et al. , 1995 , without demonstrating any quantitative relationship between the concentration of these bacteria and the probability of AGE occurrence. Several factors actually disrupt the relationship between faecal contamination of drinking water and the incidence of AGE:
INTRODUCTION
For a century, the regulatory monitoring of the microbiological quality of drinking water has relied on the identification of bacterial indicators such as coliforms, and then faecal coliforms, Escherichia coli and enterococci.
Several epidemiological studies have shown a link between the presence of faecal indicators in drinking water and the incidence rate of acute gastroenteritis (AGE) (Zmirou et al. 1987 (Zmirou et al. , 1995 , without demonstrating any quantitative relationship between the concentration of these bacteria and the probability of AGE occurrence. Several factors actually disrupt the relationship between faecal contamination of drinking water and the incidence of AGE:
(1) waterborne transmission is minor compared to foodborne and faecal -oral transmission (Bennett et al. 1987;  the epidemiological context, i.e. the presence or absence of pathogen shedding in the catchment area; (4) final chlorination of drinking water, widely used in France at a low dose (e.g. 0.3 mg/L at the plant outlet), which inactivates bacteria without necessarily inactivating the parasites or viruses which are responsible for most waterborne gastroenteritis (Payment 1999; Linden 2004 ).
Nevertheless, faecal bacterial indicators remain the main tool for the routine monitoring of water microbial safety, even if they are not very sensitive or specific. This approach is crucial in the case of small water supply zones (SZs), since the small size of the population at risk impedes epidemiological surveillance.
This study proposes a pragmatic indicator-based definition of faecal pollution of drinking water distributed in France, and aims to identify its causative factors, whether technical or natural, through an ecological-geographical study, using the dé partement as the basic unit. In France, the monitoring of drinking water quality is organized and implemented at the level of the dé partement (administrative district). The scope of correlations in terms of both causality and public health is discussed. Detailed methods and full results are shown in the study report available online (Beaudeau 2008) .
MATERIALS AND METHODS
According to the European directive 98/83/EC, 'a supply zone is a geographically defined area within which water intended for human consumption comes from one or more sources and within which water quality may be considered as being approximately uniform'. A faecal contamination incident (FCI) was defined as the occurrence of a total of 20 or more colony-forming units in Escherichia coli and enterococci counts from all the 100 mL samples collected on the same day within the same SZ for regulatory monitoring purpose. We considered the samples taken from both the treatment plant outlet (22% of distributed water samples) and user taps (78%). The membrane filtration method was used according to the ISO 9308-1:2000 (Escherichia coli), and ISO 7889-1:1998 (enterococci) international standards. The FCI definition covers intermediate level contamination identified by a single sample, as well as low-level contamination identified at several points. We took 20 as the maximum threshold value that allowed a sufficient number of events to support a statistical conclusion.
The study was limited to SZs in mainland France supplying fewer than 2,000 people. This size range is consistent with the need for homogeneity in both the resource used (groundwater) and the treatment applied (simple chlorination at best). In 2004, only 4% of abstraction facilities supplying selected SZs drew on surface water, and only 17% of SZs had their water filtered. In contrast, SZs covering 2,000 to 10,000 inhabitants showed significantly greater use of surface water (21% of abstraction facilities) and clarification processes (37%), and were therefore not included in the study. We distinguished three SZ sub-classes within the size category of SZs studied:
SZs supplying a fixed population of fewer than 100 inhabitants (class 1), 100 to 499 inhabitants (class 2) and 500 to 2,000 inhabitants (class 3). (5) the average yearly precipitation during the study period (Prec); (6) the precipitation deviation compared to normal values (dPrec); and finally (7) the median altitude of the cities located in the dé partement (Alt). Similar to N_Pols, the nDis and nCPA covariates were broken down by SZ sub-class.
According to French regulations, the passage of an official catchment protection order implies that (1) the parcel of land around the catchment has been purchased by the land management authority; and (2) regulation rules prohibit storage or spreading of polluting substances, e.g. manure or slurry, within the surface area that fits the catchment's cone of depression. Nevertheless, the occurrence of runoffs necessitates ground slopes and soil conditions for which no relevant data was available.
Data sources are shown in Table 1 . Microbiological data and data related to the health management of water were taken from the national SISE-Eaux database produced by the Ministry of Health. Geographical calculations were performed using Arc-ViewY, version 8.
Linear modelling of the N_Pols variables was performed using StataY, version 9.2. The missing data were replaced by mean values of the variable in the SZ size sub-class. We selected the 'robust' option along with the 'regress' command in order to deal with unequal variance.
We reduced the influence of dé partements for which the SZ sub-class is underrepresented, i.e. for which the estimation of FCI frequency is inaccurate, by weighting the N_Pols variables by the square root of the number of SZs. Assuming a random residue, this weighting evens out the contribution of dé partements to residual variance, while without it, i.e. with equally weighted observations, the dé partements' contribution would be inversely proportional to its number of SZs. We first carried out stepwise regressions in order to point out the significant covariates and then fitted sub-class The FCI rate, i.e. the exposure risk for a tap water drinker of a SZ supplying fewer than 2,000 inhabitants on a given day, was 1.31% on average, and increased significantly when the size of the SZ decreased. For class 1 (, 100 inhabitants), it was eight times higher than for class 3 (500 to 2,000 inhabitants) ( Table 2 ). The average standardized number of FCIs per dé partement (N_Pols) during the two years of the study was 10.1, 6.6 and 2.9 for classes 1, 2 and 3, The covariate distributions are given in Table 3 . Missing data remained under 5% in the worst case. The frequency of disinfection facilities increased with the size of the SZ; the median of nDis was 22% for class 1 and 6% for class 3. Similarly, the average rate of absence of regulatory to 41% between classes 1 and 3. Average precipitation over the study period ( (Table 4) . Model residues did not show significant spatial self-correlation ( Figure 6 ). Three outlier dé partements were modelled by 0/ 1 covariates (Table 4) .
Assuming normal residues, coefficients linked to Prec were very significant, those associated to Karst and nCPA were significant, and the one linked to nDis was borderline (Table 5) . Model residues actually met normality for class 1 (Kolmogorov-Smirnov test, not significant for a a risk of 0.8), whereas class 2 and 3 model residues did not fully match normality even after the introduction of outlier dé partement covariates (Kolmogorov -Smirnov test significant for a a risk of 0.01). However, the use of the distribution-free Spearman rank test showed a significant rank correlation between N_Pols and the selected covariates Prec, nCPA, nDis, and to a lesser extent Karst (Table 5 ).
Relative risk estimates are shown in Figure 7 . An increase of 100 mm in annual precipitation was associated with an average increase in the risk of FCI of 33%, 37% and 28% for SZ classes 1, 2 and 3, respectively. For a 10% increase in any of the other covariates Karst, nDis and nCPA, we observed an increase of the FCI risk of about 10%. Despite the overlap of the confidence intervals of the risk estimates, we were unable to suggest a pooled risk estimate due to the heterogeneity of N_Pols variances between the SZ's sub-classes (Table 4) .
DISCUSSION From ecological correlations to causality
The study presented here is an 'ecological' study, since the basic unit is not a single item, in this case a SZ, but a group of items, here the dé partement. Ecological studies help formulate or reinforce hypotheses, but ecological correlations alone are insufficient to prove a causal link.
However, in this case, additional criteria such as the reproducibility of correlations between three sub-classes of SZ sizes and their plausibility according to expert knowledge support the likelihood of a causal relationship. Correlations between N_Pols on the one hand, and Prec, Karst, nCP and nDis on the other hand, appeared despite the poor specificity of the variables, which would tend to reduce actual correlations. For instance, the available covariates addressed resource pollution events but not pollution introduced downstream from the pumping station into the storage tank or the distribution network.
A previous study showed that the latter, mainly due to backflow of contaminated water, accounted for up to 24% of the total accidental pollution of drinking water reported in France reported between 1991 and 1994 (Nedellec et al. 1996) . In the same way, the clarification processes implemented in more than 20% of the class 3 SZs blurred the relationship between raw water quality and that of distributed water, thus decreasing the correlation between N_Pols3 and its covariates. This effect could explain the decrease observed in the part of the variance explained by the model between classes 1 and 2 on the one hand, and class 3 on the other (Table 4) . Finally, nDis indicates whether or not there is a treatment system, but does not take into account failures of existing systems. The duration of any failures in the disinfection system depends on the frequency of facility routine visits, as far as adequate remote alert systems remain infrequent in small water utilities.
According to the operators themselves, the ongoing monitoring effort and the attention devoted to treatment malfunction decrease severely when the size of the SZs decreases. As a result, disinfection failure prevalence also strongly decreases from class 1 to class 3. This trend could explain the weakly significant correlations observed between N_Pols and nDis in classes 1 and 2 (Table 5 ).
In the early 20th century, engineers (Hazen 1914 (Risebro et al. 2007) , remain associated with the absence, or failure, of disinfection. The lack of disinfection also leads to the occurrence of sporadic AGE cases (Zmirou et al. 1987) . The analysis of 61 European outbreaks (Risebro et al. 2007) The sources of pollution within the catchment areas, e.g.
the distance from the abstraction point to discharge of upstream wastewater treatment plant, suffered from a lack of data at national level.
Public health scope
In every developed country, the microbiological quality of water in small SZs is problematic ( is eight times higher in class 1 than in class 3 (Table 2) , and nearly 100 times higher in class 1 than among SZs supplying more than 50,000 inhabitants ( p ¼ 3.1 £ 10 24 / year). The fraction of the population supplied by SZs of less than 2,000 inhabitants (Table 2) . Even if these surveillance modalities are more sensitive than the current system based on reports from general practitioners or institutional managers, the drug refundrelated surveillance system would not point out AGE clusters due to the contamination of the smallest SZs.
The relative risk (RR) having been defined as the ratio of the weekly incidence rates between the affected town and a control town, simulations actually showed that outbreaks are undetectable in SZs of less than 500 or 2,000 inhabitants when the RR is under 10 or 4, respectively . 
